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The behaviour of an expansive soil was studied through a number of experiments involving cycles of wetting and drying. Laboratory tests were
conducted on compacted samples of an expansive soil (a mixture of bentonite and kaolin, CH) in a modiﬁed oedometer under different constant
surcharge pressures. The void ratio and water content of samples were determined at different stages. The results show that the swelling–
shrinkage was reversible after the soil reached the equilibrium condition where the deformations were the same and the wetting and drying paths
(in the water content–void ratio space) converged to an S-shaped curve. The hysteresis phenomenon was studied through the variation of the void
ratio with suction, and the results showed that it diminished gradually with the increase in cycles of wetting and drying. The effect of fabric on the
behaviour of soil samples was studied during cycles of wetting and drying. The results show that the samples with lower initial water content (on
the dry side of optimum) have more swelling potential than samples with a higher initial water content (on the wet side of optimum).
& 2015 The Japanese Geotechnical Society. Production and hosting by Elsevier B.V. All rights reserved.
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From an engineering point of view, an important character-
istic of some clay soils is their susceptibility to volume change
due to wetting or drying which can occur independent
of loading. Expansive soils swell and shrink periodically
when subjected to seasonal water content changes. The
variation in water content due to the periods of precipitation0.1016/j.sandf.2015.02.007
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der responsibility of The Japanese Geotechnical Society.and evaporation affects the volume change response of the
active clay beneath a structure. These volume changes can give
rise to ground movements which may result in damage to the
buildings. As a result, they are a constant source of concern in
the design and construction of foundations.
It is generally accepted that the water content, void ratio and
type of clay minerals in the soil are the main factors affecting the
volume change potential of the soil (Jones and Jones, 1987,
El-Sohby and Rabba, 1981, Fredlund and Rahardjo, 1993;
Hanafy, 1991; Ho et al.,1992; Mitchell and Van Genuchten,
1992; Komine and Ogata, 1996; Marinho and Stuermer, 2000,
Bell, 2000 and Ferber et al., 2009). When the water content of
expansive clay changes due to drying or wetting, it leads to
changes in the volume and void ratio of the soil. When a sample
of dry expansive clay is wetted, the increase in water content will
cause an increase in the volume of voids (i.e. swelling).Elsevier B.V. All rights reserved.
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secondary phase and the no swelling phase (Day, 1999). The
primary phase occurs at a very fast rate and the cracks
developed during drying are closed. The secondary phase
includes closure of the micro-cracks and the reduction of
entrapped air. During the third phase, no further volume
change or change in void ratio occurs. Similarly the drying
curve of a soil has three phases as a result of progressive
drying (Haines, 1923) namely structural shrinkage, normal
shrinkage and residual shrinkage. The extent of each process
depends on the soil structure and, importantly, the number of
inter-particle bonds causing resistance (Bell, 2000; Popescu,
1979). While the change of soil volume in structural and
residual phases of shrinkage is less than the change in the
volume of water, they are the same in the normal phase of
shrinkage. Haines (1923) stated that at the shrinkage limit (or
at the start of residual stage) the decrease in the volume of soil
is less than the volume of water lost as the particles come in
contact. It was also noted that when all the particles are close
together, no further shrinkage occurs even while water is still
being lost.
Hanafy (1991) suggested that these two curves (wetting and
drying) can be combined and integrated into one S shaped curve at
the equilibrium condition. It is possible to characterize the volume
change in the terms of the changes in the void ratio in relation to
changes in water content. Tripathy et al. (2002) and Estabragh et al.
(2013) determined a characteristic S shaped curve for two
expansive soils. They used this curve to explain the potential of
volume change in terms of void ratio and water content resulting
from wetting and drying cycles. Many researchers, including
Wheeler et al. (2003), Alonso et al. (2005) and Nowamooz and
Masrouri (2008), have studied the cyclic wetting and drying
behaviour of the expansive clayey soils by a suction control
method. Wheeler et al. (2003) showed that irreversible compres-
sion occurs during drying stages of wetting–drying cycles. They
studied the inﬂuence of a wetting–drying cycle on subsequent
behaviour during isotropic loading. Based on the results they
proposed a model for the coupling of hydraulic hystersis and
mechanical behaviour. Alonso et al. (2005) reported that samples
experience progressive shrinkage during successive cycles of
wetting and drying until ﬁnally a reversible elastic response occurs.
This progressive shrinkage process leads to an increase in the
overconsolidation ratio (OCR). Nowamooz and Masrouri (2008)
found that wetting and drying cycles signiﬁcantly inﬂuence the
preconsolidation pressure, virgin compression index and elastic
compression index. Wang et al. (2013) studied the effect of voids
on the hyro-mechanical behaviour of compacted bentonite–sand
mixture through different suction controlled tests. They found that
the amount of water absorbed in the soil depends only on suction
at high suctions, whereas it depends on both suction and void ratio
of bentonite at low suctions.
The effect of fabric on the behaviour of unsaturated soils is of
great signiﬁcance, particularly for compacted soils (Alonso et al.,
1987). The term ‘fabric’ refers to the geometrical arrangement of
particles within a soil. The fabric of compacted soils is generally
explained in terms of a number of variables, namely the compac-
tion water content with regard to the optimum, the energy ofcompaction (or attained density) and the compaction method. Gens
(1996) explained some aspects of the compaction procedure, such
as the compaction water content and the compactive effort, which
have a signiﬁcant inﬂuence on the subsequent mechanical
behaviour of compacted ﬁne-grained soils. The inﬂuence of the
compaction procedure on the subsequent mechanical behaviour is
commonly attributed to the different forms of soil fabric produced
when the compaction procedure is varied (Seed and Chan 1959;
Barden and Sides 1970). Lambe (1958) proposed a conceptual
model for the fabric of clays. Signiﬁcant information about the
fabric of soil was made available with the advent of scanning
electron microscopy (SEM) and mercury techniques. SEM and
porosimetry studies are now widely used to describe the fabric of
different types of soil (Diamond, 1970; Collins and McGown,
1974). Researchers such as Delage and Lefebvre (1984) and
Lapierre et al. (1990) reported the data for compacted ﬁne-grained
soil and stated that on the dry side of optimum moisture content,
compacted ﬁne grained soils tend to develop a bimodal distribution
of pore size. In contrast, on the wet side of optimum, soils tend to
have a fabric with a unimodel distribution of pore size. This
information can be used to explain the mechanical and physical
behaviour of soil. Although many researchers have studied the
behaviour of expansive soils, the study of the wetting and drying
paths in the form of variations of the water content and void ratio
during cycles of wetting and drying is mainly limited to the work
of Tripathy et al. (2002) and Estabragh et al. (2013). Other
researchers, including Sharma (1998), Wheeler et al. (2003),
Sivakumar et al. (2006) and Jotisankasa et al. (2009), have studied
the variations of speciﬁc volume (1þe) with suction. Their tests
were conducted on unsaturated samples in a modiﬁed triaxial cell.
They found that during drying (increasing suction) and wetting
(decreasing suction) the values of speciﬁc volume for a given
suction are not the same for wetting and drying because of the
hysteresis phenomenon. The void ratio and water content of an
expansive soil are changed during wetting and drying. Since
suction is dependent on the water content, the variations of void
ratio during wetting and drying can be a function of suction.
A review of the literature indicates that there has been considerable
amount of research on the deformation behaviour of expansive
soils during wetting and drying but the investigation into the
variations of void ratio, with water content and suction has been
limited. The main objective of this study is to investigate the
variation of void ratio with water content and suction under
different surcharge pressures for an expansive soil. The results of
this research study will be presented in terms of axial deformation,
dry unit weight, and void ratio–water content and void ratio–
suction relationships. The effect of fabric on the swelling potential
of soil will also be studied during wetting and drying cycles.
2. Experimental work
2.1. Material
The soil used in this study was made by mixing kaolin and
bentonite. A wide range of soil mixes were investigated to
identify a mix with desired drying and wetting properties (a
high potential for swelling and shrinkage). Consideration was
Table 1
Physical properties of soil.
Passing sieve no. 200 (%) 88
Clay content (o0.002 mm; %) 49
Silt content (%) 37
Fine sand content (%) 14
Liquid limit, LL (%) 88
Plastic limit, PL (%) 31
Plasticity index, PI (%) 57
Shrinkage limit, SL (%) 13
Speciﬁc gravity, Gs 2.75
Table 2
Chemical properties of soil.
pH 8.25
EC (dS/m) 9.45
HCO23 (meq/l) 5.4
Cl1 (meq/l) 27.0
SO24 (meq/l) 62.6
Mgþ2þCaþ2 (meq/l) 19.0
Naþ1 (meq/l) 77.0
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of kaolin and bentonite. Kaolin and bentonite were mixed with
different proportions and the samples were made according to
the method of sample preparation that will be described in the
following section. The swelling potential of the samples was
measured and the desired soil with a high swelling potential
(according to McKeen's classiﬁcation; McKeen, 1992) was
chosen. Although betonite alone has a high swelling potential,
using it would require a long time before the equilibrium
condition is achieved. Therefore, a mixture of bentonite and
kaolin was used to reduce the duration of the tests. The
physical and chemical properties of the soil are presented in
Tables 1 and 2. Based on this information, the soil can be
classiﬁed as a clay with high plasticity (CH) according to the
Uniﬁed Soil Classiﬁcation System (USCS). The result of the
standard Proctor compaction test (ASTM D698 (2007))
showed that the soil has a maximum dry unit weight of
16.1 kN/m3 with optimum water content of 20.5%.2.2. Sample preparation
The samples were made with a dry unit weight of 16 kN/m3 but
with two different water contents, 17% and 23.5%, on the dry and
wet sides of optimum water content with ﬂocculate and disperse
fabrics, respectively. Several mixes were prepared using kaolin and
bentonite with preselected quantities of water. The mixtures were
kept in closed plastic bags and allowed to cure for 24 h. This
allowed the moisture in the soil to distribute evenly throughout the
mass of the soil. In order to obtain uniform and repeatable samples
a mould was designed (with the same diameter as the oedometer
ring) and fabricated from stainless steel and used for preparing the
samples. The samples were prepared by static compaction of moist
soil in the mould in three layers. The samples with the initial water
contents of 17% and 23.5% will hereafter be referred to as the dry
and wet samples. In the static compaction on the samples with
water contents of 17% and 23.5%, the values of applied loads/
pressures that produced the dry unit weight of 16 kN/m3 were
examined by trial and error: it was found that the pressures 800 and
670 kPa produced this dry unit weight for water contents of 17%
and 23.5%, respectively. In this method, the load to be applied to
the sample was selected such that the same dry unit weight on the
dry or wet sides of standard curve is achieved. Therefore the
applied energy to soil in this method is the same as standard
compaction, and the fabric of samples is ﬂocculated or dispersed.Between the compaction of layers, the surfaces of the compacted
layers were scratched in an attempt to provide a reasonable bond
between the layers. All samples were compacted in an identical
fashion in order to provide identical initial fabrics in the samples.2.3. Apparatus
A conventional oedometer was modiﬁed to allow tests to be
conducted under a controlled temperature and surcharge
pressure (similar to the one reported by Tripathy et al.
(2002)). Fig. 1 shows details of the apparatus. The apparatus
consists of a ﬁxed ring with a modiﬁcation to allow for the
shrinkage and swelling of the samples under controlled
surcharge pressure and temperature (i.e. 45 1C), as shown in
Fig.1. The sample was placed in the ring between two porous
stones (with an air entry value of less than 5 kPa) with the load
plate resting on the upper porous stone. The sample was
loaded to a pre-determinated surcharge pressure and the
pressure was maintained until full settlement was achieved.
The sample was then ﬂooded with water and allowed to swell
under the applied surcharge pressure. The amount of vertical
deformation was measured by a gauge with an accuracy of
0.002 mm for each division. After the completion of swelling,
a drying stage was implemented. Drying began by removing
water from the cell through a drainage valve. At this stage, the
temperature control was switched on to maintain a constant
temperature during the drying process. Measurements of the
deformations were taken during wetting and drying using a
dial gauge. The samples in each cycle were allowed to fully
swell and shrink to a stage where there was no further change
in height. This is the condition where there is no deformation
in the sample. The combination of one swelling and the
subsequent shrinkage steps is designated as a one swell–shrink
cycle. At the end of one cycle, the temperature controller was
switched off and the sample temperature was retained at
laboratory temperature for about 2–3 h. The sample was then
ﬂooded with water for the next cycle. A number of cycles of
wetting and drying were carried out until the sample reached
equilibrium condition. Equilibrium condition was deﬁned as
the condition where swelling and shrinkage were of constant
magnitude for each cycle.
During drying, the shrinkage of the soil causes the sample to
decrease in diameter and height. Therefore, except for the ﬁrst
swelling cycle, the volume change of the sample during the
subsequent swelling cycles was three dimensional. A number of
identical samples were prepared with similar initial conditions as
1: load plate
2: top porous stone
3: bottom porous stone
4: specimen ring
5: outer ring
6: vent
7: loading plunger
8: wire
9: temperature controller
10: power supply
11: asbestos insulation
12: coil
13: drainage valve
14: strain dial gauge
Fig. 1. Layout of apparatus.
A.R. Estabragh et al. / Soils and Foundations 55 (2015) 304–314 307the main sample. These samples were subjected to the same cyclic
wetting and drying under the same surcharge pressure as the main
sample. During heating, the water was gradually expelled from the
sample and the volume decreased. The vertical deformation was
recorded from the dial gauge readings. The duration of this stage
was nearly 7 days. Umezaki and Kawamura (2013) proposed the
vacuum evaporation method to reduce the length of time required
to dry samples. The duplicated samples were placed in an oven
under the same surcharge pressures at 45 1C and the water content
of each was measured at certain time intervals in order to determine
the variation of water content and void ratio during the drying
stage. In order to plot the wetting path within each cycle, at least
six or seven duplicated samples were tested. A total of 272 soil
samples were prepared and used in this project. The duplicated
samples were dismantled and the height and diameter of them were
measured for calculation the volume of sample. The diameter was
measured at three points at least and then the mean of the
measurements was considered. One of the possible sources of
error in this method could be the calculation the volumetric
deformation, since it was done on duplicated samples which cannot
be exactly identical to the main sample. It should be noted here that
other methods for measuring volume change also have errors.
Therefore, it would be possible to improve the apparatus by
measuring the lateral deformation directly with digital sensors. This
apparatus should be improved for highly expansive soils because
sometimes the swelling deformation may such that the result is a
sample twice its initial thickness. In this case, the usual gauge is
unable to measure the whole deformation. On the other hand, it
may well be impossible to apply a heavy load on the samples of
this kind soil (high expansive) using this apparatus. This also
suggests the need for improvement. Liu et al. (2012) recently
proposed a modiﬁed control apparatus that measures the volume
change of the sample during the wetting and drying cycles. When
using this apparatus, there is no need to duplicate the samples.
2.4. Soil–water characteristic curve
The soil–water characteristic curve is the relationship between
the water content (either volumetric or gravimetric) or the degree of
saturation and soil suction. In order to estimate the applied suction,
the change in water content for each cycle of wetting and drying
must be known. Since the water content is measured during the test
procedure, the suction corresponding to the measured water contentof the soil sample can be determined through the soil–water
characteristic curve. The ﬁlter method can be used for measuring
soil suction from a few kilopascals to several thousand kilopascals
(McQueen and Miller, 1968). Fredlund and Rahardjo (1993)
indicated that there is a close agreement between suction measure-
ment by a ﬁlter paper and the thermocouple psychrometer method.
The ﬁlter paper test was used to determine the soil–water
characteristic curve. Currently, the ﬁlter paper technique is a
standard method for measuring soil suction in ASTM D5298
(2010). The test procedure and requirements are simple and can be
performed in any soil laboratory without the need for any special
equipment. The method involves placing the ﬁlter paper in contact
with a soil sample in an airtight container for seven days. Seven
days are needed to achieve moisture equilibrium between the ﬁlter
paper and soil sample. The water content of the ﬁlter paper is then
measured and the matric suction of the soil sample is determined
from a calibration curve. The ﬁlter paper not in contact with the
soil sample measures the total suction. A number of studies have
been carried out on the ﬁlter paper method. More recent studies
(Bulut et al., 2001; Leong et al., 2002; Ridley et al., 2003) have
shown that the ﬁlter paper method is suitable for measuring
suction.
3. Test programme
Cyclic wetting and drying tests were carried out on
compacted expansive soil samples in a modiﬁed oedometer
under different constant surcharge pressures. The axial defor-
mation was recorded until the reversible deformation was
attained. A number of tests were also conducted on duplicated
soil samples in a conventional oedometer to determine the void
ratio and water content. The soil water characteristic curve was
established using the ﬁlter paper method.
The effect of soil fabric was studied through conducting
cycles of wetting and drying tests on soil samples.
4. Results and discussion
4.1. Deformation during wetting and drying
The vertical deformation of the samples is presented as the
change in height ðΔHÞ of the sample during either swelling or
shrinkage. It is expressed as a percentage of the initial height
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By plotting the vertical deformation of a sample for several
swell–shrink cycles, the percentage change in height of the
sample during any of the swelling or shrinkage cycles can be
observed.
The effect of different surcharge pressures (1, 6.25 and
10 kPa) on the vertical deformation of the dry samples, with an
initial water content of 17%, during the wetting and drying
cycles, is shown in Fig. 2. The deformation of the sample
under 1 kPa surcharge pressure in the ﬁrst cycle is 35% and
30% during the initial wetting and drying, respectively. This
indicates that the irreversible deformation is nearly 5% in the
ﬁrst cycle. In the second cycle, the deformation is 30% and
21% in the drying and wetting paths, resulting in an
irreversible deformation of about 9%. This indicates that the
irreversible deformation in the second cycle is more than the
ﬁrst cycle. It attains an equilibrium state at total axial
deformation of 19.65% after about the fourth cycle of wetting
and drying. Equilibrium was deﬁned as the condition where
swelling and shrinkage were of constant magnitude for each
cycle. The results of vertical deformation of the sample during
wetting and drying cycles under surcharge pressure of
6.25 kPa are shown in Fig. 2. It is shown that the sample
reaches equilibrium condition with a reversible movement of
about 12% after several cycles of wetting and drying. The
results show that the deformations for the ﬁrst cycle of wetting
and drying are 24% and 18% with an irreversible deformation
of about 6%. The irreversible deformation gradually decreases
in the subsequent cycles until equilibrium is attained in the
fourth cycle and beyond. The deformation of the sample under
10 kPa surcharge pressure is nearly 7% and 14% during the
ﬁrst cycle for wetting and drying, respectively. After the initial
drying path, the plastic (irreversible) compression of the
sample is about 7% (see Fig. 2). In the second cycle the
deformation due to wetting and drying is 18% and 10% with
an irreversible deformation of about 8%. The irreversible
deformation decreases in the following wetting and drying
cycles and after the fourth cycle the equilibrium condition is
reached at 6.7 % reversible deformation.
The results in Fig. 2 show that the vertical deformation upon
the ﬁrst swelling cycle is greater than the correspondingFig. 2. Axial deformation of samples during swell–shrink cycles for different
surcharge pressures with wi¼17% and dry unit weight (γd)¼16 kN/m3.vertical deformation during the subsequent cycles for light
surcharge pressures of 1 kPa and 6.25 kPa. However, this trend
is not observed for the higher surcharge pressure of 10 kPa.
It is also shown that for the surcharge pressures of 1 and
6.25 kPa, the irreversible strains during wetting are greater
than during drying. The amount of swelling and shrinkage is
different in different cycles of wetting and drying under
different surcharge pressures. This shows the difference
between the swelling and shrinkage potential among the
cycles. The amount of swelling and shrinkage decreases as
the number of cycles increases, while the samples experience
more pronounced swelling and shrinkage during the ﬁrst and
second cycles.
The equilibrium condition is attained for all surcharge
pressures by repeating the cycles of wetting and drying.
Fig. 2 also indicates that the amount of deformation during
the drying paths is decreased as the surcharge pressure
increases. It can be concluded that the shrinkage behaviour
changes with repeated cycles of wetting and drying. These
ﬁndings are consistent with the results that were reported by
Dif and Blumel (1991), Day (1994), Al-Homoud et al. (1995),
Tripathy et al. (2002), Subba Rao and Tripathy (2003) and
Alonso et al. (2005). On the other hand, Chu and Mou (1973)
observed the opposite effect, in which the amount of swelling
strain increased with the number of successive cycles. Basma
et al. (1996) suggested that swelling is associated with a
decrease and an increase in the apparent voids in soils due to
partial and full shrinkage. They state that the voids are reduced
during the wetting and drying cycle for partial shrinkage. This
reduction decreases the soil ability to attain further water upon
rewetting and this in turn reduces the potential expansiveness
of the clay. They also indicate that most of the free water will
evaporate during full shrinkage and this increases the apparent
voids. This in turn creates more pores to be ﬁlled with water
when the samples are rewetted. Consequently, the swelling
potential increases. This creates more pores to be ﬁlled with
water when the sample is rewetted. Consequently, the swelling
potential increases in the next cycles until equilibrium is
attained (Osipov et al., 1987). All these tests show that elastic
equilibrium can be attained at the end of several cycles. This
can be attributed to the reconstruction of the clay structure (Dif
and Blumel, 1991; Sridharan and Allam, 1982). The original
structure of the expansive soil is changed after the ﬁrst or
second cycle and repeating the cycles of wetting and drying
causes the aggregation and re-arrangement of the structure of
the soil mass. This is because by increasing the number of
wetting and drying cycles the potential of swelling and
shrinkage is reduced (Zhang et al., 2006). The results of
variation of dry unit weight during wetting and drying are
shown in Fig. 3 for different constant surcharge pressures. The
results show that the initial value of dry unit weight was
16 kN/m3 in the current test programme. It was changed to
16.10, 16.67 and 17.19 kN/m3 for surcharge pressures of 1,
6.25 and 10 kPa respectively after the ﬁrst cycle of wetting and
drying (end of drying). The dry unit weight achieved the
constant values of 15.70, 16.20 and 16.46 kN/m3 at equili-
brium condition for surcharge pressures of 1, 6.25
Fig. 3. Variation of dry unit weight during swell–shrink cycles for different
surcharge pressures with wi¼17% and dry unit weight (γd)¼16 kN/m3.
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Fig. 4. Axial and radial deformation of samples during swell–shrink cycles for
6.25 kPa surcharge pressure with wi¼17% and dry unit weight (γd)¼16 kN/m3.
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and drying, the dry unit weight (Fig. 3) achieved constant
values of 15.70, 16.20 and 16.46 kN/m3 at equilibrium
conditions (drying) for surcharge pressures of 1, 6.25 and
10 kPa, respectively. These repeated cycles of wetting and
drying can lead to a change in the soil structure. Bell (2000)
suggested that repeated wetting and drying can result in the
aggregation of soil particles in residual soils. According to
Bell's suggestion drying initiates cementation by formation of
aggregation, leading to some relatively large interpores formed
between the aggregated soil lumps. Sridharan and Allam
(1982) found that repeated wetting and drying of clay soils
can bring about the aggregation of soil particles and the
cementation of Ca, Mg and Fe. This enhances the permeability
of clays and increases their resistance to compression. In
weakly bonded clay soils, cyclic wetting and drying brings
about a change in the swell potential as a result of the
breakdown of the bonds between clay minerals and the
alteration of the soil structure. These large interpores reduce
sample's absorption rate along a certain range of the wetting
paths. This effect increases with the increase in shrinkage and
vertical pressure applied to the soil. This can be attributed to
the continuous rearrangement of soil particles during cycles of
drying and wetting, which leads to a more intensive destruc-
tion of the internal clay structure, a reduction in the speciﬁc
surface and a reduction in the water content.
The changes in the diameter and height of the samples
during cycles of wetting and drying under different surcharge
pressures were recorded from the duplicated samples from the
measurements of diameter and the dial gauge readings. Typical
results of variations of height and diameter of a sample for
surcharge pressure of 6.25 kPa are shown in Fig. 4. The results
show that the axial deformation is greater than the lateral
deformation during cycles of wetting and drying and also in
the equilibrium stage. The radial deformation increased gra-
dually until the equilibrium stage. The radial deformations at
equilibrium stage were 5.27%, 4.80% and 3.6% for surcharge
pressures of 1, 6.25 and 10 kPa respectively but the axial
deformations at this stage were 19.65%, 12.17% and 6.7% forthe above surcharge pressures. The results in Fig. 4 show that
the axial deformation of sample is greater than radial deforma-
tion during wetting and drying under different surcharge
pressures. It is also shown that the amount of radial strain is
decreased with increasing surcharge pressure. Tang et al.
(2008) indicated that if the axial and radial strains are equal,
the sample shows isotropic behaviour. Therefore, based on the
obtained results in this work, it is concluded that the soil
samples were anisotropic in behaviour.
4.2. Variation of void ratio and water content
Typical variations of void ratio versus water content for
samples under a surcharge pressure of 6.25 kPa, along with
saturation lines of 50%, 90% and 100%, are shown in Fig. 5.
In this ﬁgure, the changes of void ratio with the water content
are shown from the as compacted (initial) condition to the ﬁfth
cycle of wetting and drying. In Fig. 5, points 1, 2, 3, 4 and 5
show the positions of the samples at shrinkage (drying) stages
in different cycles and points B, C, D, E and F indicate the
positions of the samples at swelling (wetting) stages for
different cycles. Point A in Fig. 5a shows the initial or as
compacted void ratio (e0) and water content (w0) of the sample.
In the ﬁrst cycle, swelling occurs from point A to point B
followed by shrinkage from B to 1 (see Fig. 5a). The shrinkage
curve of the as-compacted sample from position A is also
shown in this ﬁgure (i.e. A to 0). In Fig. 5 points B, C, D, E
and F show the sample at wetting stage in different cycles and
points 1, 2, 3, 4 and 5 present the position of the sample at
shrinkage stage. Similar paths were observed for the samples
tested at surcharge pressures of 1 and 10 kPa.
As shown in Fig. 2, the samples under surcharge pressures
of 1, 6.25 at 10 kPa reached the equilibrium condition by
repeating the cycles of wetting and drying. The void ratio and
water content at equilibrium condition were measured in
wetting and drying cycles for different surcharge pressures.
Fig. 6 shows the equilibrium conditions of the swelling–
shrinkage paths plotted in the ﬁfth cycle for surcharge
pressures of 1, 6.25 and fourth cycle for 10 kPa.
Fig. 7 shows the soil water characteristic curve that was
obtained from the results of the ﬁlter paper test. The air entry
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Fig. 5. Water content–void ratio paths for 6.25 kPa surcharge pressure (a) cycle 1, (b) cycle 2, (c) cycle 3, (d) cycle 4, and (e) cycle 5.
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proposed by Fredlund and Xing (1994). The ﬁlter paper used
was Whatman no. 42. It was used on samples compacted
at 17% water content with a dry unit weight of 16 kN/m3.In these tests, the procedures recommended by the ASTM
D5298 (2010) standard on the measurement of suction using
the ﬁlter paper method were followed closely (ASTM D5298
(2010)). The following empirical relationship is obtained for
Fig. 6. Equilibrium condition of swell–shrink paths for different surcharge
pressures.
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w¼ 63:2875:1035 lnðsÞ ð1Þ
where w and s are the gravimetric water content in % and
suction in kPa, respectively. This relationship is similar to the
relationship that was presented by Villar (1995) for bentonite
and was also used successfully by Alonso et al. (2005) in the
interpretation of their results. In Fig. 5, it is possible to relate
the water content to suction by using the soil water character-
istic curve or Eq. (1) and then plotting a curve by replacing the
water content with the corresponding void ratio (from the void
ratio–water content curve obtained during different cycles of
wetting and drying). Typical results for variations in suction
during wetting and drying cycles for the samples under
surcharge pressures of 1, 6.25 and 10 kPa at equilibrium stage
are shown in Fig. 8. During wetting and drying, the void ratio
is not the same for the ﬁrst cycle (Fig. 5). This can be
explained by irreversible deformation: the difference decreases
in each subsequent cycle until equilibrium is attained.
In Fig. 5 it can be seen that all samples reached nearly full
saturation in all stages of wetting and that all the wetting and
drying curves are S shaped. The tendency to converge to the
same S shaped curve is evolved by repeating the cycles of
wetting and drying. The change in the void ratio due to changes
in the water content is insigniﬁcant at the top and bottom
(curvilinear) portions of the S shape curves. The linear portions
of the swelling and shrinkage paths are nearly parallel to the full
saturation line. During successive cycles of wetting and drying,
the shrinkage curve gradually moves away from the full
saturation line and the samples become more unsaturated,
resulting in very small changes in the void ratio for each decrease
in the water content. This ends at a water content corresponding
to a degree of saturation of less than 50%. A comparison of
Figs. 5a to 5e reveals that the distance between the saturation line
and the drying curve increased as the number of swelling and
shrinkage cycles increased. In all swelling curves drawn from the
full shrinkage stage, the three phases – primary, secondary and noswelling – can be identiﬁed. Similarly, the three phases of
shrinkage – structural, normal and residual – can be seen in the
shrinkage curves. These ﬁndings are consistent with those
reported by Tripathy et al. (2002) and Sitharam et al. (1995)
for compacted samples subjected to cycles of wetting and drying.
It is shown in Fig. 6 that all equilibrium curves have similar S
shapes. It is also seen from the results that the central straight line
portions of all the equilibrium swell–shrink curves are within the
degree of saturation of 90% to 50% and almost parallel to the
100% saturation line. The central lines for different surcharge
pressures are nearly parallel. As the surcharge pressure increases
the curves are shifted towards the full saturation. The equilibrium
swell–shrink curves are also similar to the S shaped characteristic
volume change curves, as proposed by Hanafy (1991).
When a desiccated expansive clay is wetted, the increase in
volume with increased water content is accompanied by an
increase in the void ratio up to a limiting value. The water
content at this limit is known as the equilibrium water content
(Hanafy, 1991) at which no noticeable further increase in the
volume or the void ratio will result. Similarly, when an
expansive clay is dried, the reduction in volume with decreas-
ing water content is accompanied by a reduction in the void
ratio to a limiting value. The shrinkage limit of a soil is the
maximum water content at which a reduction in water content
does not cause a decrease in the volume of the soil mass
(ASTM D427 (2004)). Yong and Warkentin (1966) indicated
that any potentially expansive soil has lower and upper limits
of water content between which swelling and shrinkage take
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Fig. 9. Axial deformation of samples on dry side (w¼17%) and wet side
(w¼23.5%) during swell–shrink cycles under surcharge pressure 1 kPa.
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Fig. 10. Axial deformation of samples on dry side (w¼17%) and wet side
(w¼23.5%) during swell–shrink cycles under surcharge pressure 6.25 kPa.
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Fig. 11. Axial deformation of samples on dry side (w¼17%) and wet side
(w¼23.5%) during swell–shrink cycles under surcharge pressure 10 kPa.
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and lower swelling limits has been called the swelling index.
The results show that the values of swelling index at
equilibrium conditions for surcharge pressures of 1, 6.25 and
10 kPa were 37.8%, 22.0% and 16.7%, respectively. They also
indicate that the swelling index is not a constant parameter for
a particular soil. It can be concluded that the equilibrium
condition is reached when swelling and shrinkage occur
between the constant (upper and lower) limits.
The hysteresis phenomenon results from different water
content or degree of saturation in the wetting and drying cycles
at a given value of suction. For two points at the same suction
(on a wetting and drying curve) the degree of saturation on a
drying path is much higher than a wetting path. The size of
pore voids has a signiﬁcant effect on the soil water character-
istic curve during the emptying or ﬁlling of voids. The size of
these voids is regularly changed during wetting and drying
until they reach a stable condition. Some researchers such as
Kawai et al. (2000), Romero and Vaunat (2000), Wheeler et al.
(2003), Gallipoli et al. (2003) have proposed equations for soil
water characteristic curve that include the void ratio of the soil.
Therefore, a number of curves of void ratio against suction
have been established based on Eq. (1), and a number of
variations of void ratio–water content curves have been
suggested. The variations in the void ratio with suction are
calculated and typical results at equilibrium stage are shown in
Fig. 8. During wetting and drying the void ratio is not the same
for the ﬁrst cycle (Fig. 5a). This can be attributed to
irreversible deformation. The difference decreases until equili-
brium is attained. In this experimental work, the hysteresis in
the wetting and drying paths was seen for the ﬁrst to fourth
cycles. Similar behaviour was reported by Tripathy et al.
(2002). When the sample was allowed to shrink, the void ratio
at the end of each cycle changed. Similarly, the void ratio and
water content of the sample at the end of the swelling cycle
changed when the sample was re-soaked. During wetting, two
components of swelling can be expected, the ﬁrst is an elastic
increase in the volume of water-ﬁlled voids and the second is
an increase in the volume of these voids that ﬂood with water
during the wetting process due to the loss of the additional
inter-particle force arising from meniscus water. Clearly, if
there is hysteresis in the water–retention relationship, the
reduction of water content during drying will be less than
the corresponding increase in water content during the
proceeding wetting path, and the magnitude of drying will
also be less than the previous wetting. This could lead to a net
swelling over a cycle of wetting and drying. This continues
until the ﬁfth cycle (the equilibrium condition) after which the
paths of swelling and shrinkage are found to be the same and
hysteresis is eliminated.
4.3. Effect of fabric
In order to study the effect of soil fabric on mechanical
behaviour of swelling soils during wetting and drying cycles, a
number of tests were carried out on wet samples (samples on
the wet side of the compaction curve) under surchargepressures of 1, 6.25 and 10 kPa. The samples reached the
equilibrium condition after four or ﬁve cycles of wetting and
drying. The results together with those for dry samples under
each surcharge pressure are shown in Figs. 9–11. These ﬁgures
show that the trend of variation of cycles of wetting and drying
for wet samples is similar to dry samples but the potential of
swelling is considerably less than for dry samples (i.e. at the
same dry density, the amount of swelling decreases with
increasing water content). Fig. 9 shows that for a surcharge
pressure of 1 kPa the amounts of swelling for the dry and wet
samples in the ﬁrst cycle are 34% and 29%, respectively.
These amounts reduce with as the number of wetting and
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19.65% and 19.75%, respectively. Our results show that the
difference between them decreases as the number of cycles
increases. Similar results are shown in Figs. 10 and 11 for
surcharge pressures of 6.25 and 10 kPa. At equilibrium
condition, the potential of swelling is 12.2% and 12.4% for
a surcharge pressure of 6.25 kPa and 6.7% and 7% for a
10 kPa surcharge pressure. A comparison of the results
(Figs. 9–11) shows that increasing surcharge pressure reduces
the potential of swelling. These observations are consistent
with the ﬁndings reported by Holtz and Gibbs (1956), Komine
and Ogata (1996) and Ferber et al. (2009). Figs. 9–11 show
that in the initial cycles, the trend of variation of cycles of
wetting and drying for wet samples is similar to dry samples
but the potential of swelling is considerably less than for dry
samples. This can be attributed to the difference of fabric and
the suction of samples on the dry and wet sides of the
compaction curves. Lambe (1958) indicated that clay soils
compacted on the dry and wet sides of the compaction curve
have ﬂocculated and dispersed fabrics. The more oriented
arrangement of particles in the dispersed fabric is the result of
more fully developed double-layer water ﬁlm (Holtz and
Gibbs, 1956; Ferber et al., 2009). The expansive soil samples
are in an unsaturated state before ﬂooding. The thickness of the
double-layer water ﬁlm on the wet side is more than the dry
side of the compaction curve. The samples in both conditions
have two suction components: a matric suction that arises from
capillary phenomenon in unsaturated voids, and osmotic
suction from the presence of salts in soil water (Fredlund
and Rahardjo, 1993). The matric suction is dependent on the
water content or degree of saturation of sample. On the dry
side of optimum (with the same initial dry unit weight), there is
more matric suction than on the wet side because the double
layer on wet side is thicker (Gens, 1996). Because the same
salt concentration is the same in samples on both the dry and
wet sides, they have the same osmotic suction. On the other
hand, the unsaturated soils are in an overconsolidated state.
The over consolidation ratio on the dry and wet sides are not
the same: it depends on suction. As shown in Figs. 9–11, the
potential of swelling for samples on the dry side of optimum is
more than those on the wet side. Therefore, the swelling
pressure for the dry samples is more than the wet ones. Alonso
et al. (2005) showed that the swelling pressure represents
preconsolidation pressure. As a result, the preconsolidation
pressure for dry samples is more than wet ones; i.e. a higher
overconsolidation ratio is noted for samples on the dry side
than on the wet side. The greater suction on the dry side
induces a higher over consolidation ratio. By ﬂooding the
sample with water, the ﬂow of water from the reservoir to the
soil sample continues until the matric suction is dissipated and
the saturated condition is attained. Therefore, when the
samples are exposed to water, the ﬂow of water on the dry
side of optimum is more than on the wet side because of the
double layer of water around the particle is not as thick, a
higher suction and a higher over consolidation ratio. This leads
to greater swelling in comparison to samples prepared on the
wet side of the compaction curve.One of the problems with expansive soil is related to their
volume change during wetting and drying, which causes
damage to the overlying buildings. There are various techni-
ques to reduce the volume change potential of these soils, such
as using chemical agents like lime or cement. Based on the
results of this work, it is possible to minimize the effects of
volume changes during wetting and drying by ﬂooding these
soils with water periodically. This method is easy to implement
compared with other methods and does not involve high cost.
Detailed laboratory tests should be conducted to identify
appropriate duration of wetting and drying for different
expansive soils.
5. Conclusions
Wetting and drying tests were conducted on samples of
expansive clay under different surcharge pressures. The
following conclusions can be drawn from the results of
this study:
Irreversible swelling and shrinkage were observed over
wetting and drying cycles for samples of the same soil under
different surcharge pressures. Reversible deformation was
achieved after about four or ﬁve cycles when the equilibrium
condition was attained. The potential of swelling and shrinkage
decreased with increasing surcharge pressure. The hysteresis
phenomenon appeared during the cycles of wetting and drying
but after achieving the equilibrium condition it was eliminated.
The wetting and drying paths in the space of void ratio versus
water content are S shaped curves. Each S shaped curve
consists of two curvilinear parts and a linear part. The shape of
the path is similar for a soil sample under different surcharge
pressures. For higher surcharge pressures, the curve is closer to
the 100% saturation line. Nearly 80% of volume change of
sample took place in the linear section of the S shaped curve.
The soil fabric has an important effect on the swelling potential
of soil during wetting and drying cycles. Samples at a given
dry density (on the dry and wet sides of the compaction curve)
but with different initial water contents (different fabrics)
achieved the same swelling potentials after reaching the
equilibrium condition. The swelling potential of dry and wet
samples decreases as the surcharge pressure increases, and for
surcharge pressure of 10 kPa, the shrinkage points are located
in the original shrinkage zone.
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